A series of polyimides (PIs) / zincoxide (ZnO) nano-hybrid materials exhibiting high transparency, high refractive indices, and low wavelength dispersions were prepared by the in situ thermal decomposition method. First, the optical properties of six kinds of matrix PIs were investigated, and a fully aromatic PI derived from 4,4'-(hexafluoroisopropylidene) diphthalic dianhydride (6FDA) and 9,9-bis (4-aminophenyl) fluorene (BAFL) and a semi-aromatic PI derived from 3,3';4,4'-biphenyl tetracarboxylic dianhydride (BPDA) and 4,4'-diaminodicyclohexylmethane (DCHM) were chosen as transparent matrices. Secondly, two types of ZnO precursors, which are thermally decomposed into ZnO, were chosen, and the thermal decomposition behaviors of the ZnO precursors dissolved in PI films was examined by far-infrared (Far-IR) and variable temperature mid-infrared (IR) spectra. The PI/ZnO hybrid films prepared from Zn(NO 3 ) 2 ·6H 2 O as a ZnO precursor exhibit yellowish coloration, though the transparency of the hybrid films was significantly improved by using a preheated Zn(NO 3 ) 2 ·6H 2 O at 110 ºC as a ZnO precursor or using a soluble PI solutions in place of poly(amic acid) solutions. The PI/ZnO hybrid films exhibited high thermal degradation temperatures, and 6FDA-BAFL and BPDA-DCHM/ZnO hybrid films exhibited higher refractive indices by up to +0.0037 (+0.25 %) and +0.0130 (+1.10 %), respectively, compared with the pristine PIs. In the case of BPDA-DCHM, the effect of hybridization with ZnO on the increase in the refractive index at infinite wavelength (n ∞ ) relative to the coefficient of wavelength dispersion (D) is more significant than that of modifying the chemical structures of PIs.
Introduction
There have been strong demands for highly refractive polymers with high optical transparency, good thermal stability, and low wavelength dispersion for designing microlens components for charge-coupled devices (CCD) or complementary metal oxide semiconductor (CMOS) image sensors (CIS) [1] . Polyimides (PIs) have been widely used in microelectronic applications because of their high thermal stabilities and mechanical properties [2] . PIs are also expected to be used as optical materials in opto-electronics and photonic applications. However, conventional PIs do not exhibit sufficient optical transparencies, which is due to the formation of charge-transfer (CT) complexes between the electron-donating diamine and the electron-accepting dianhydride moieties.
Introductions of low polarizable fluorine atoms, sterically bulky structures, and allicyclic moieties into the PI chains have been reported to be effective to overcome this problem [3, 4] .
For the improvement of the optical properties of PIs, organic/inorganic hybrid materials have been extensively studied because they offer possibilities to combine the advantageous properties of PIs and inorganic materials such as TiO 2 , ZrO 2 , ZnO and SiO 2 [5] [6] [7] [8] . In particular, ZnO possesses a wide direct band gap of 3.4 eV, high transparency in the visible region, a high refractive index of 1.93, and characteristic luminescent properties. Because of these features, ZnO is an attractive material for wide range of applications such as antireflection coatings, transparent electrodes in solar sells, and light emitting diodes [9] [10] [11] . It has been reported that the combination of ZnO nano-particles with polymers enhances the fluorescent properties via energy transfer at the excited state [12, 13] .
However, the compatibility of polymers with inorganic materials is generally insufficient because inorganic nano-sized particles easily form aggregates due to the high surface energy. Particle aggregates incorporated in polymer films readily cause serious light scatterings, which deteriorates the transparency of films. To improve the compatibility between polymers and nano-particles, organic/inorganic hybrid materials have been prepared by the 'surface modification' methods using coupling agents or the 'sol-gel' method using metal alkoxides [14, 15] . However, thermal stability of hybrid films are generally deteriorated by addition of coupling agents or by the incomplete hydrolysis of metal alkoxides [16, 17] .
In this study, novel PI/ZnO nano-hybrid films were prepared by 'in situ thermal decomposition method' without reducing their inherent advantages [18] . Firstly, the optical properties of PI films were investigated to choose preferential matrix PIs with high refractive index and transparency. Secondly, the thermal decomposition behaviors of ZnO precursors were examined. And thirdly, PI/ZnO nano-hybrid films were prepared by thermal curing of precursor solutions containing a ZnO precursor. The precursors were thermally decomposed into ZnO in the films via curing at 300 or 350 ºC. The decomposition reactions of the precursors and the optical properties of the hybrid films thus obtained were extensively investigated . (BSTFA) and N,N-Dimethyl acetamide (DMAc), both were purchased from Aldrich, were used as received. Zn(NO 3 ) 2 ·6H 2 O purchased from Wako was used as received without further purification.
Experimental

Preparation of PI films
The molecular structures of six kinds of PIs examined in this study are shown in Fig. 1 . The precursors of fully aromatic PIs, poly(amic acid)s (PAAs), were prepared by adding equimolar amounts of dianhydride to a DMAc solution of diamine. The PAA solutions were stirred with an ice bath for 2 h followed by stirring at ambient temp. for 24 h. The precursors of semi-aromatic PIs, poly(amic acid) silyl ester (PASE), were prepared by the in situ silylation method as reported by Oishi et al. [19] . First, DCHM was dissolved in DMAc, and 1.05 molar amount of BSTFA were added to the solution to form N-silylated alicyclic diamine. This silylation can avoid the salt formation between unreacted amino (-NH 2 ) and carboxyl (-COOH) groups at amic acid moiety. Then, equimolar amount of dianhydride was added to the solution. The generated PASE solutions were stirred in the same way as the PAA solutions. Table 1 lists the three kinds of methods adopted for preparing the precursor solutions of hybrid films. In this study, two kinds of ZnO precursors were used. One was Zn(NO 3 ) 2 ·6H 2 O as received (denoted as 'Pre-Zn'), and the other was prepared by heating Pre-Zn at 110 ºC for 5 h under nitrogen (denoted as 'Pre-Zn(110ºC)'). The precursor solutions were prepared by 1) dissolving Pre-Zn in PAA or PASE solutions (Method-1), 2) dissolving Pre-Zn(110ºC) in PAA or PASE solutions (Method-2) or 3) dissolving Pre-Zn(110ºC) in 
Measurements
Refractive indices of the PI and hybrid films whose thicknesses were controlled between 10-15 m were measured using a prism coupler (Metricon, model PC-2010) at the wavelengths of 633, 845, 1324 and 1558 nm for the in-plane (n TE ) and out-of-plane (n TM ) polarizations. The average refractive indices were calculated according to equation 1,
Fourier transform infrared absorption (FT-IR) spectra were obtained with a Thermo-Nicolet AVATAR-320 FT-IR spectrometer. Fourier transform Far-infrared absorption (Far-IR) spectra were measured with a JASCO FT-IR/6100 spectrometer. UV-vis absorption spectra were acquired with a Hitachi U-3500 spectrometer. Thermolytic behaviors were measured with a Shimadzu DTG-60 analyzer under nitrogen. Densities of PI films were measured with a pycnometer by using water as a medium. Fig. 2 shows the wavelength dispersions of n av for the six kinds of pristine PIs. The n av values are varied depending on the dianhydride structures in the order of BPDA > ODPA > 6FDA. The higher refractive indices of the PIs from BPDA are explainable by the dense molecular packing of the PI chains because BPDA has a rigid and planar molecular structure. On the other hand, the lower n av of the PIs derived from 6FDA are explainable by the loose molecular packing and the less polarizable -CF 3 side groups in the PI chains. The n av values measured at the four wavelengths (n  ) were fitted using the simplified Cauchy's formula [20] ,
Results and Discussion
Optical properties of pristine PIs
where n ∞ is the estimated virtual refractive index at the infinite wavelength, and D is the coefficient of wavelength dispersion. A higher D corresponds to a larger wavelength dispersion of n av . Fig. 3 illustrates the relationships between n ∞ and D values for the pristine PIs. The plots of the six PIs agree well with the linear relationships of fully aromatic and semi-aromatic PIs, respectively, which were reported by the present authors [20, 21] . The PIs derived from BAFL exhibited smaller D values than those expected from the relationships because the significant steric hindrance around the diphenylfluorene moiety in BAFL should cause loose molecular packing in the PI chains. The UV-vis spectra of the PI films are shown in Fig. 4 . The semi-aromatic PIs derived from DCHM exhibited higher transparency than the fully aromatic PIs. In general, the coloration of fully aromatic PIs originates from the formation of intraand inter-molecular CT complexes, which absorb UV and visible light. The absorption edges of the PIs are varied depending on the dianhydride structures in the same order as the refractive indices in Fig. 2 (BPDA > ODPA > 6FDA). The lower transparency of the PIs derived from BPDA are attributable to the dense molecular packing of PI chains with CT interactions, and the higher transparency of the PIs derived from 6FDA is owing to the steric hindrance of -CF 3 groups which weaken the CT interactions among PI chains. As shown in Figs.2 and 4, the fully aromatic PIs exhibited higher refractive indices than the semi-aromatic PIs, whereas the latter PIs exhibited higher transparency than the former PIs. These results indicate that 6FDA-BAFL with the highest transparency in the fully aromatic PIs and BPDA-DCHM with the highest refractive index in the semi-aromatic PIs could be the best PIs as the matrices for preparing PI/ZnO hybrids which simultaneously exhibit high refractive indices and transparency. It should be noted that the films of 6FDA-BAFL are soluble in DMAc due to the steric -CF 3 and fluorene groups, while the films of BPDA-DCHM are insoluble in any solvents except for sulfuric acid. Due to this insolubility, Method-3 could not be applied to the preparation of BPDA-DCHM/ZnO hybrid films (see Table 1 ).
Thermal decomposition reaction of Pre-Zn
The thermal decomposition of Pre-Zn can be considered to proceed as follows [22] ,
As seen in Fig. 5 , the thermal decomposition of Pre-Zn to ZnO was completed under nitrogen at 250 ºC, and the residual weight of 27.7 % was very close to the calculated value of ZnO (27.4 %) based on the molecular weights of Pre-Zn and ZnO. This clearly supports the reaction (3) at elevated temperatures. Furthermore, Fig. 6 4 , respectively. The former is soluble in DMAc, whereas the latter is insoluble. Thereby, the former is suitable as a precursor for the in situ thermal decomposition method adopted in this study. Hence, Zn(NO 3 )(OH)·3H 2 O which is denoted by Pre-Zn(110ºC) was used as the ZnO precursor in Method-2 and Method-3 (see Table 1 ).
3.3. Optical properties of PI/ZnO hybrid films 3.3.1. Transparencies of the hybrid films Fig. 7 shows the UV-vis absorption spectra of 6FDA-BAFL/ZnO hybrid films, and the inset depicts the photograph of the films. The yellowish coloration observed for the films prepared by Method-1 and Method-2 should be caused by the nitration reactions occurring in the PAA because nitric acid or NO 3 -ions were generated by thermal decomposition of Pre-Zn (reaction 3). This reaction is essentially the same as xanthoprotein reaction which turns aromatic amino acids or polypeptides to yellow. Since PAA chains possess benzene rings, amide and carboxylic groups, this nitration reaction can proceed effectively. The hybrid films prepared by Method-2 exhibited higher transparency than those prepared by Method-1. The reason is that Pre-Zn(110ºC) contains only a half of nitrate ions per Zn atom than Pre-Zn.
Furthermore, the preparation of hybrid films via Method-3 significantly improved the transparency of the films because PI contains no or little amount of amide bonds, which inhibits nitration reactions. Fig. 8 illustrates the UV-vis absorption spectra of BPDA-DCHM/ZnO hybrid films, and the inset depicts photographs of the films. In the same manner as in Fig. 7 , the hybrid films prepared by Method-2 exhibited slightly higher transparency than those prepared by Method-1. This also should be due to the lower amount of nitric acid or ions generated from Pre-Zn(110ºC).
IR spectra of hybrid films
The IR spectra of 6FDA-BAFL/ZnO hybrid films are shown in Fig. 9 . The peaks observed at 1320 cm -1 in the films prepared by Method-1 and Method-2 are assignable to -NO 2 groups which cause considerable coloration in the hybrid films. The peak intensity for the Method-1 film is stronger than that for the Method-2 film. In addition, no peak is observed at 1320 cm -1 for the Method-3 film, which strongly supports the validity of our assumption that nitration reaction does not occur in PIs due to the lack of amide group. This is consistent with the high transparency of the hybrid films (see Fig. 7 ).
The IR spectra of BPDA-DCHM/ZnO hybrid films, which is inapplicable to Method-3, are shown in Fig. 10 . The intensity of the peak assignable to nitro groups (1320 cm -1 ) in the Method-1 film was almost the same as that in the Method-2 film. This also supports the fact that the colorations in the hybrid films is mainly caused by nitration reactions in PAA chains, and the strong yellowish color was generated during thermal decomposition. Fig. 11 illustrates the variable temperature IR spectra of 6FDA-BAFL/ZnO hybrid films prepared via Method-3. Soluble PI solutions containing ZnO precursors were spin-coated onto substrates, followed by drying at 70 ºC for 1 h. The peak observed at 1405 cm -1 is assignable to nitrate (NO 3 -) ion. The intensity of this peak has started to decrease from 150 ºC, and the peaks assignable to ZnO at 400~500 cm -1 increased above the temperature. The Far-IR spectra of the hybrid films are shown in Fig. 12 . The difference spectrum between 0 and 50 mol% of ZnO is consistent with the spectrum of neat ZnO powder (purchased from Fluka). Based on the results in Figs. 11 and 12 , it was confirmed that thermal decomposition of Pre-Zn(110ºC) to ZnO was completed at 300 ºC in the PI hybrid films.
Decomposition of Pre-Zn in hybrid films
TGA analyses of hybrid films
Figs. 13 and 14 show the TGA curves of 6FDA-BAFL/ZnO and BPDA-DCHM/ZnO hybrid films, respectively. The residues after heating at 900 ºC 
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were consistent with the calculated weights of ZnO. Table 2 lists the 5 % weight-loss temperatures under nitrogen (T d 5 ). The T d 5 s of the hybrid films were significantly lower than those of the pristine PIs because ZnO served to catalyze oxidative degradation of the PIs [23] . Nevertheless, the T d 5 s of all the hybrid films were higher than 370 ºC, which indicates that these films exhibited sufficiently high thermal stability compared with the soldering temperature (270 ºC). Table 3 lists the refractive indices of PI/ZnO hybrid films measured at the four wavelengths with the estimated values of n ∞ and D based on the equation (2) . Fig. 15 shows the wavelength dispersions of refractive indices for (a) 6FDA-BAFL/ZnO and (b) BPDA-DCHM/ZnO hybrid films, respectively. These data clearly demonstrate that the refractive indices of the hybrid films were increased by the incorporation of ZnO. Hence, the hybridization of PI with ZnO via the in situ thermal decomposition method is an effective way to increase the refractive indices of PI films. The changes of n av in the hybrid films at 1324 nm are illustrated in Fig. 16 . The n av values were successfully increased by the hybridization with ZnO by up to +0.0037 (0.25%) and +0.0130 (1.10%) for 6FDA-BAFL and BPDA-DCHM, respectively.
Refractive indices of hybrid films
On the other hand, the refractive indices of the PI/ZnO hybrid films were theoretically estimated by equation (4) where n h , n p and n z are the refractive indices of hybrid film, matrix PI, and ZnO, respectively. f p and f z are the volume fractions of PI and ZnO, respectively. Table 4 lists the refractive indices and densities of the matrix PI and crystalline ZnO. Note that the estimated values of n h agree well with the observed n av values, which supports the complete thermal decomposition from Pre-Zn (110ºC) to ZnO within the PI films (see Figs. 11 and 12) . The good agreement between the observed n av and the estimated n h values suggests the hybridization of PI films with ZnO allows to control the refractive indices of PI films precisely. Fig. 17 illustrates the relationships between the n ∞ and D values estimated for the PI/ZnO hybrid films. The slope of the line through 0 and 50 mol% of ZnO for 6FDA-BAFL/ZnO hybrid films prepared by Method-3 (solid line) is larger than that previously reported for fully aromatic PIs (dashed line) [20, 21] . This demonstrates that the hybridization of 6FDA-BAFL with ZnO exhibited larger D values than those expected by modifying the chemical structures of PIs. On the other hand, the slope of the line through 0 and 100 mol% of ZnO in the BPDA-DCHM/ZnO hybrid films prepared by Method-2 was smaller than that previously reported for semi-aromatic PIs. This suggests that the hybridization of BPDA-DCHM with ZnO exhibited larger n ∞ with smaller D values than those expected by modifying the chemical structures. Hence, it was clearly shown that BPDA-DCHM is the best PI matrix for preparing PI/ZnO hybrid films with using Zn(NO 3 ) 2 ·6H 2 O as a precursor. The PI/ZnO hybrid films thus obtained exhibit high refractive indices, high transparencies, and low wavelength dispersions. 3 -ions which were released by the thermal decomposition of the precursor. However, the transparency of the hybrid films were improved by using Zn(NO 3 )(OH)·3H 2 O as a ZnO precursor or using a soluble PI solution in place of PAA solution. The hybrid films of 6FDA-BAFL/ZnO and BPDA-DCHM/ZnO exhibited higher refractive indices by up to +0.0037 (+0.25%) and +0.0130 (+1.10%), respectively, as compared with the pristine PIs. The observed n av values agree well with the theoretically estimated values based on the equation involving the refractive indices and the volume fractions of PI and ZnO. This fact suggests that the hybridization of PIs with ZnO enables to control the refractive indices of PI films. In the case of BPDA-DCHM, the effect of hybridization with ZnO on the increase in the refractive index at infinite wavelength (n ∞ ) relative to the coefficient of wavelength dispersion (D) is more significant than that by modifying the chemical structures of PIs. In addition, the 5 % weight-loss temperatures (T d 5 ) of all the hybrid films were higher than 370 ºC. In consequence, it was confirmed that the hybridization of semi-aromatic PIs with ZnO using Zn(NO 3 ) 2 ·6H 2 O as a precursor is a facile and promising way to prepare thin PI films exhibiting high refractive indices, high transparencies, and low wavelength dispersions without deteriorating their high thermal stability and good mechanical properties. 
